Recently we developed a one-dimensional continuous wave photothermal deflection model based on Fresnel diffraction theory with a set of closed-form analytical signal expressions for both fundamental and second harmonic responses. This article reports its experimental applications in thermal property measurements, demonstrating the simplicity, validity, and usefulness of these analytical signal expressions. The thermal diffusivity of air was found to be (2.2Ϯ0.1) ϫ10 Ϫ5 m 2 /s that is consistent with literature value; the thermal effusivities of a rubber and a graphite plate sample were determined to be ( 
͑Presented on 24 June 2002͒
Recently we developed a one-dimensional continuous wave photothermal deflection model based on Fresnel diffraction theory with a set of closed-form analytical signal expressions for both fundamental and second harmonic responses. This article reports its experimental applications in thermal property measurements, demonstrating the simplicity, validity, and usefulness of these analytical signal expressions. The thermal diffusivity of air was found to be (2.2Ϯ0.1) ϫ10 Ϫ5 m 2 /s that is consistent with literature value; the thermal effusivities of a rubber and a graphite plate sample were determined to be (1.2Ϯ0.2)ϫ10 3 
I. INTRODUCTION
Photothermal deflection ͑PD͒ spectrometry has played an important role in measuring thermal and optical properties of materials since 1980, owing to its high sensitivity and versatility. [1] [2] [3] In a PD experiment, a probe beam passes through the gradient of refractive index ͑mirage region͒ induced by the temperature rise due to the absorption of the modulated optical energy by a sample and then nonradiative relaxation. The effect of the mirage region on the probe beam is that it causes an optical path length variation and distorts the wave front of the probe beam. When the probe beam crosses the mirage region, it undergoes not only deflection but also diffraction. Early PD theory was referred to as ray ͑or geometric͒ optics theory, in which the probe beam is assumed to be a bundle of rays that experience the same deflection. 4, 5 This ray theory cannot realistically take into account the effect that the different parts of the probe beam experience different phase shift induced by the mirage region. To solve this problem, a diffraction theory should be used after the calculation of the temperature rise. [6] [7] [8] In addition, it is usually preferable to have a closed-form analytical expression of the theory, so that scientists can easily use the theory to optimize their experimental setup and extract the physical properties of their samples by the best curve-fitting process. However, the complexity of the 3D temperature field in the mirage region makes it hard to obtain an analytical expression for the PD signal. 6 It was found that, in many cases, 1D approximation is good enough to describe the mirage region. 7, 8 Pulsed PD diffraction theory with a 1D temperature rise distribution was developed, and showed that the central moment displacement of the probe beam could be an effective measure of PD signal. 7, 8 Recently, we developed a diffraction theory with 1D temperature field approximation for cw PD spectrometry with a set of closed-form analytical expressions of the PD signal. 9 In this article we will focus on the applications of the theory in measuring the thermal diffusivity or effusivity of different categories of samples. The experimental results ͑through curve fitting using our current theory͒ are compared with the results from the photoacoustic ͑PA͒ experiment. Good agreements demonstrate the accuracy, effectiveness, and simplicity of the current diffraction model for the continuous wave PD spectrometry.
II. THEORY
For convenience, we outline the current diffraction theory. There are four steps involved in deriving the theoretical model: ͑1͒ Calculate the temperature rise in the sample due to the optical absorption; ͑2͒ evaluate the refractive index change and then the phase shift of the probe beam caused by the temperature rise; ͑3͒ use Fresnel diffraction theory to calculate the field distribution of the probe beam in the detector plane by expanding the exponential term containing the phase shift in a Taylor series; ͑4͒ calculate the intensity distribution pattern and PD signal of the fundamental and the second order harmonic responses. The integral of the intensity over the detector plane is independent of the deflection distance, indicating the energy conservation in the PD process. The main results of the one-dimensional continuous wave diffraction model for PDS are: 
where x 1 and x 2 are the fundamental and the second harmonic responses of the PD signal; 1 and 2 are the phase delay of the fundamental and the second harmonic signals, respectively. and contain the physical properties of the sample, where is the temperature rise on the sample surface, and is the phase shift induced by the surface temperature rise.
9 a g and ‫ץ‬n/‫ץ‬T are properties of the deflection medium, where a g is the thermal diffusion coefficient, and ‫ץ‬n/‫ץ‬T is the temperature coefficient of the refractive index. a and z D are parameters of the experimental setup, where a is the distance from the center of the probe beam to the sample surface, z D is the distance from the detector plane to the mirage region. d and describe the heating beam where d is the diameter of the probe beam, is the chopping frequency. k, q r , and q i are parameters describing the probe beam, where k is the wave vector, q r ϩ jq i ϭ͓1/qϩ1/z D ͔ Ϫ1 , qϭz 1 ϩ jz c , z c is the confocal distance of the probe Gaussian beam, z 1 is the distance from the waist of the probe beam to the mirage region. The first order PD signal is linearly proportional to the heating beam intensity, and the second harmonic signal is quadratically dependent on the heating beam intensity. This is similar to the results of ray optics. The fundamental and the second harmonic signals increase with the ac surface temperature rise, the thickness of the mirage region ͑for a given ͒ and the distance from the mirage region to the detection plane, z D . The second harmonic deflection signal also depends on the configuration of the probe beam q r /q i ϭ(z 1 z D ϩz 1 2 ϩz c 2 )/(z D z c ). When z 1 ϭ0, the second order signal is proportional to z c /z D ; when z1 0, the second harmonic signal is mainly proportional to z 1 /z c , independent of z D . Largely, the amplitude of the second harmonic signal is less than 1% of that of the fundamental one. Selecting proper configuration parameters, such as q r and q i , and large ‫ץ‬n/‫ץ‬t can enhance the second harmonic signal.
III. EXPERIMENT
To demonstrate the simplicity, validity, and usefulness of these analytical signal expressions in quantitative processing PD experimental data, thermal property measurements were performed. The experimental setup is schematically shown in Fig. 1 . After passing through lens L1, a light shaping diffuser D ͑Newport Model 10DKIT-C1͒, a pupil P, and lens L2, a He-Ne heating beam ͑Laser 1͒ ͑Melles Griot, 25LH928, 35 mW, 632.8 nm͒ uniformly hit the sample with a diameter d ϭ3 mm, which should be large enough to diminish lateral heat flow. The intensity of the heating beam was modulated by a mechanical chopper ͑EG&G, Model 197͒. A Gaussian probe beam ͑Laser 2͒ ͑Melles Griot, 05STP901, 1 mW, 632.8 nm͒, parallel to the sample surface at a distance a from the surface, intercepted the mirage region that locates at distance z 1 ϭ0 from the probe beam waist. The PD signal was detected by a position sensor ͑ON-TRAK, Model PSM1-10͒, which was connected to a lock-in amplifier ͑EG&G, Model 7265͒. A computer was used to control experimental data collection. Two kinds of experiments were performed: ͑1͒ Measurement of thermal diffusivity of air with a rubber sample, ͑2͒ determination of thermal effusivity of a rubber sample and a graphite plate sample.
A. Measurement of thermal diffusivity of air
By inspecting Eqs. ͑1͒ and ͑3͒, we note that x 1 (a) ϰexp(Ϫa g a) and 1 (a)ϰϪa g a. Therefore, it is very easy to get the thermal diffusivity of the deflection medium if we get the dependence of the signal or phase shift on a, the distance from the center of the probe beam to the sample surface. Figure 2 shows the fundamental signals with respect to the distance, a. In this experiment, the sample is rubber, and the deflection medium is air. The thermal diffusivity can be easily obtained by fitting the amplitude or phase shift signals to Eqs. ͑1͒ and ͑3͒. In this experiment, the thermal diffusivity of the ambient air at temperature 297 K was found to be (2.2 Ϯ0.1)ϫ10 Ϫ5 and (2.3Ϯ0.1)ϫ10 Ϫ5 m 2 /s from amplitude and the phase shift data, respectively. They are in very good agreement with the literature value of (2.224Ϯ0.007) ϫ10 Ϫ5 m 2 /s at 298 K.
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B. Determination of thermal effusivity of a rubber sample and a graphite plate sample
To get the thermal effusivity ͑or diffusivity͒ of samples, we need to find the frequency dependent temperature rise on the sample surface. For an optically and thermally thick sample, the surface temperature rise can be simplified as 11
, where E is the thermal effusivity. The signal from the position sensor is proportional to the amplitude of the PD signal, given by Figure 3 shows the fundamental PD signals of ͑a͒ glassy carbon, ͑b͒ rubber, and ͑c͒ graphite plate in air. The fundamental signal decreases with the increase of chopping frequency, and the experimental data and the curve-fitting results are consistent for all the samples. To verify our results, we also measured thermal effusivity of these two samples using a photoacoustic ͑PA͒ method. All the results are summarized in Table I . The experimental results from both experiments are in good agreements, demonstrating the simplicity, and effectiveness of current theory.
IV. CONCLUSION
In summary, we measured thermal diffusivity of the deflection medium and thermal effusivity of two optically and thermally thick samples using our recently developed theoretical model. The central moment displacement of the probe beam provides a rigorous measure of the PD effect. The experimental results indicate the theoretical model is simple, ease of use, and accurate in measuring the thermal properties of materials. This method can also be applied to thin film and layered-structure samples. 
